Traumatic brain injury (TBI)-induced dysfunction of the prefrontal cortex causes many high-level cognitive deficits, including working memory (WM) dysfunction. WM lies at the core of many highlevel functions, yet the cellular and molecular mechanisms underlying its dysfunction are poorly understood. Lesion and pharmacological studies in rodents have implicated the medial prefrontal cortex (mPFC), which includes the prelimbic/infralimbic (PL/IL) cortices, in WM tasks. These studies have shown that optimal levels of catecholamine neurotransmission are critical for normalcy of WM function, suggesting that alterations in their synthesis may play a role in WM dysfunction. Using the cortical impact injury model of traumatic brain injury which reproducibly causes working memory deficits in rodents, we have measured the protein levels and activity of tyrosine hydroxylase (TH), the rate-limiting enzyme for catecholamine biosynthesis, and tissue dopamine (DA) and norepinephrine (NE) levels in microdissected PL/IL tissues. Our results show that TBI increases TH protein levels, its activity and tissue DA and NE content in the PL/IL. These findings suggest that altered catecholamine signaling within the PL/IL may contribute to impaired PFC function, and may have implications in the design and implementation of strategies to alleviate prefrontal dysfunction in brain injury patients.
INTRODUCTION T
HE PREFRONTAL CORTEX (PFC) occupies approximately one third of the brain tissue in humans and is highly vulnerable to traumatic brain injury (TBI). Damage to the PFC often results in high-level cognitive deficits including working memory dysfunction, reduced comprehension, impaired reasoning, and poor decision making (Mattson and Levin, 1990; McDowell et al., 1997) . These deficits can manifest in the absence of overt brain damage, suggesting that neuronal dysfunction may be an underlying mechanism (Lyeth et al., 1990) . However, the neurochemical mechanisms that contribute to the impairments of these high-level cognitive functions are poorly understood. Normalcy of PFC function, especially working memory, is critically dependent on an optimal range of catecholamine signaling (Goldman-Rakic et al., 2000) . For instance, when prefrontal dopamine levels are below the optimal range, as in schizophrenia, or above the optimal range, as occurs under stress, working memory is impaired (Arnsten and Goldman-Rakic, 1998) . Dopaminergic projections to the PFC originate predominately from the ventral tegmental area (VTA), and are often referred to as mesoprefrontal dopamine projections. Within these mesoprefrontal projections, dopamine is synthesized from tyrosine by its rate-limiting conversion to L-DOPA by the enzyme tyrosine hydroxylase (TH). The activity of TH is regulated by phosphorylation of three key residues (Ser19, Ser31, and Ser40) (Haycock, 1993; Zigmond et al., 1989; Salvatore et al., 2001 ). Although it is not known how phosphorylation increases TH activity, it has been proposed that these sites can increase the V max , increase the affinity for the pterine cofactor and/or reduce the affinity for the end-product dopamine (Dunkley et al., 2004) . Noradrenergic projections to the PFC originate in the locus ceruleus. NE is synthesized within these cells by the conversion of DA to NE through the action of dopamine ␤-hydroxylase. Consequently, alterations in TH activity can influence both dopamine and norepinephrine biosynthesis.
As indicated above, lesion and pharmacological studies in rodents have implicated the medial prefrontal cortex, specifically the prelimbic/infralimbic (PL/IL) cortices, in working memory tasks (Brito and Brito, 1990; Delatour and Gisquet-Verrier, 2000) . Although studies have investigated the influence of catecholamines on the behavioral consequences of TBI, changes in their biosynthesis within the PL/IL cortices have not been examined. For example, it has been reported that TBI causes an acute decrease in dopamine at 1 h post-injury, which persisted for up to 2 weeks in the injured cortex (McIntosh et al., 1994) . Systemic administration of amphetamine, as well as intraventricular infusions of norepinephrine, can improve motor function (Feeney et al., 1981; Boyeson and Feeney, 1990) , and hippocampal function has been shown to be improved as a result of monoamine oxidase-B inhibition (Zhu et al., 2000) . Studies in humans have shown that circulating norepinephrine levels correspond to the level of injury with comatose patients having serum norepinephrine levels as high as seven times normal (Clifton et al., 1981) . Although dopamine levels have not been specifically examined in the PL/IL cortices following injury, a decrease in dopamine transporter (DAT) as early as 7 days post-injury, and increases in the levels of TH protein and TH fibers 28 days post-injury, have been observed in the frontal cortex (Yan et al., 2001 (Yan et al., , 2002 . In the present study, we have measured TH protein, enzyme activity and catecholamine levels in microdissected PL/IL tissues taken from animals following controlled cortical impact injury. Our results show that lateral cortical impact injury increases TH activity and tissue catecholamine content in the PL/IL.
METHODS

Materials
Pan-specific anti-TH monoclonal antibodies and antiNeuN monoclonal antibodies were purchased from Chemicon (Temecula, CA). 3,5-[ 3 H]-L-tyrosine was obtained from Amersham Pharmacia Biotech (Buckinghamshire, England). All other chemicals were purchased from Sigma-Aldrich (Saint Louis, MO).
Animals
Male Sprague-Dawley rats (280-320 g) were purchased from Charles River Laboratories (Wilmington, MA) for use in this study. Animals were housed on a 12-h light/dark cycle with ad libitum access to food and water. All experimental procedures involving animals were approved by the Institutional Animal Care and Use Committee and were conducted in accordance with the recommendations provided in the Guide for the Care and Use of Laboratory Animals.
Controlled Cortical Impact Injury
A controlled cortical impact device was used to cause brain injury as previously described (Dixon et al., 1991; Meaney et al., 1994; Hamm et al., 1992) . Briefly, rats were initially anesthetized using 5% isoflurane with a 1:1 O 2 /N 2 O mixture. Animals were mounted on a stereotaxic frame secured by ear bars and an incisor bar. Anesthesia was maintained using 2.5% isoflurane with a 1:1 O 2 /N 2 O mixture. A 6-mm-diameter craniotomy was made midway between bregma and lambda with the medial edge of the craniotomy 1 mm lateral to midline. Injury was produced using a pneumatic impactor mounted at an angle of 10°from the vertical plane, and a single impact at a velocity of 6m/sec and a deformation width of 6 mm and depth of 1.7 mm was delivered. Following injury, the incision was closed with wound clips. Sham animals received all aforementioned surgical processes except craniotomy and impact injury. Core body temperature was monitored using a rectal thermometer and maintained at 37.0-37.5°C using a heating pad.
Western Blotting
At either 14 days (n ϭ 4) or 28 days (n ϭ 4) post-injury, or sham operation (n ϭ 6), animals were killed and CATECHOLAMINES AND WORKING MEMORY IMPAIRMENT brains were dissected and submerged under ice-cold artificial cerebrospinal fluid (10 mM HEPES pH 7.2, 1.3 mM NaH 2 PO 4 , 3 mM KCl, 124 mM NaCl, 10 mM dextrose, 26 mM NaHCO 3 , and 2 mM MgCl 2 ). The PL/IL (prelimbic/infralimbic) cortices (Fig. 1a) was quickly removed and snap-frozen on dry ice. The PL/IL tissue was homogenized in a lysis-buffer containing 10 mM Tris pH 7.4, 1 mM EGTA, 1 mM EDTA, 0.5 M DTT, 10 g/mL leupeptin, 10 g/mL aprotinin, 1 mM PMSF, followed by centrifugation at 10,000 ϫ g for 10 min. The supernatant solutions were used as cytosolic fraction samples to detect protein levels. The protein concentration was measured using a NanoOrange protein quantification kit (Molecular Probes). Protein samples were resolved in a SDS-PAGE and transferred to an Immobilon-P (Millipore, Bedford, MA) membrane using a semi-dry transfer apparatus (Millipore). Membranes were blocked overnight in TBST (10 mM Tris pH 7.5, 150 mM NaCl, 0.05% Tween-20) plus 5% BSA, and incubated with a primary pan-specific TH antibody (1:5,000 dilution) for 3 h at room temperature. The migration of TH was confirmed based on its reported molecular weight. Following incubation with the primary antibody, membranes were washed three times 20 min each in TBST. Immunoreactivity was assessed by an alkaline phosphatase-conjugated secondary antibody and a CDP-star chemiluminescent substrate (Cell Signaling Technology). The optical density of the immunoreactive bands was measured utilizing Image-J (National Institutes of Health, Ͻhttp://rsb.info.nih.gov/ijϾ.
Immunohistochemistry
Sham and injured animals were perfusion-fixed at 14 and 28 days post-operation (n ϭ 4 for sham and n ϭ 7 for TBI at the 14-day time point; n ϭ 5 for both sham and TBI for the 28-day time point). Animals were anesthetized by an intra-peritoneal injection of 0.7% chloral hydrate followed by perfusion-fixation using trans-cardiac infusion of 0.01 M phosphate-buffer with 150 mM NaCl (PBS) plus 10 units/mL heparine sulfate followed by 0.1 M phosphate buffer (PB) containing 4% paraformaldehyde and 0.2% glutaraldehyde. Brain tissue was removed and post-fixed with 4% paraformaldehyde in 0.1 M PB at 4°C overnight. Following cryo-protection in sucrose, 30-m-thick frozen sections of the mPFC region were prepared. Sections were incubated in 2% normal horse serum, 0.2% Triton X-100 in 0.1 M PBS at room temperature for 2 h, followed by incubation with the primary antibody (1:2000 dilution for both antipanTH and anti-NeuN antibodies) at 4°C overnight. Following overnight incubations, sections were washed three times in TBS and incubated with Alexa488-conjugated anti-mouse-IgG as suggested by the vendor. Staining was visualized using a Bio-Rad MRC 1024 confocal microscope, and a stack of pictures was generated for each section using MetaMorph 6.1 software (Universal Imaging Corporation, Downingtown, PA). The resultant images were adjusted for size and labeled using Adobe Photoshop 6.0.
TH Activity Assay
Protein extracts obtained from sham (day 1 post-operation, n ϭ 2) and TBI (1, 3, 14, or 28 days post-injury, n ϭ 2/each time point) animals were used for TH activity assay. TH catalyzes the hydroxylation of tyrosine to KOBORI ET AL. generate 3,4-dihydroxy-L-phenylalanine (L-DOPA) and water using D,L-6-Met-5,6,7,8-tetrahydropterine (Pt-H 4 ) as a cofactor. TH activity was measured by quantifying [3H]-water production (water assay) from 3,5-[ 3 H]-L-tyrosine, as previously described by Levine et al. (1984) with minor modification (Kobori et al., 2004) . A total of 35 L (1 g/L) of the mPFC tissue homogenate was added to an equal volume of assay mixtures to yield a final reaction mixture containing 150 mM Tris-Malate buffer (pH 6.4), 0.35 Ci 3,5-[ 3 H]-L-tyrosine, 50 M Ltyrosine, 5 mM ascorbic acid, 3 mM Pt-H 4 , and 1,500 units catalase. After 10 min incubation at 37°C, the reaction was stopped by cooling the samples on ice, followed by addition of 700 L of 7.5% activated charcoal in 1 N HCl. The samples were then centrifuged, and the aqueous phase was recovered and mixed with 4 mL of Universol (ICN Pharmaceuticals, Costa Mesa, CA) liquid scintillation fluid. Radioactivity was counted in a liquid scintillation analyzer. The assays were performed in duplicate. Blank values were obtained from identically prepared samples that did not contain cell lysate.
Catecholamine Measurements
Sham (n ϭ 5), 7-day (n ϭ 5), and 14-day (n ϭ 5) postinjury animals were killed, and ipsilateral PL/IL tissue was removed. Tissue dopamine (DA) and norepinephrine (NE) contents were measured using enzyme immunoassay (EIA) kits (Labor Diagnostika Nord GmbH & Co., Germany) essentially as recommended by the vendor. Briefly, PL/IL tissue was homogenized in 0.01 N HCl to avoid association of catecholamines with other proteins. Catecholamines were extracted from the homogenate using a cis-diol specific affinity gel. To measure dopamine, DA was first acylated to N-acyldopamine, and was then enzymatically converted to N-acyl-3-methoxytyramine. The N-acyl-3-methoxytyramine in the sample competes with N-acyl-3-methoxytyramine immobilized on the 96-well plate for binding to a specific antibody. Following washing to remove free N-acyl-3-methoxytyramine-antibody complexes, the antibody bound to the immobilized DA was detected by an anti-rabbit IgG-peroxidase conjugate using 3,3Ј,5,5Ј-tetramethylbenzidine (TMB) as a substrate. The norepinephrine EIA was carried out using a similar method, except that NE is acylated to N-acylnorepinephrine, followed by enzymatic conversion to Nacylmetanephrine. The final reaction products for both DA and NE were determined by measuring the O.D. at 450 nm using a 96-well plate reader.
Statistical Analysis
Student's t-test for unpaired variables was used for the analysis of immunohistochemical results. A one-way analysis of variance (ANOVA) followed by post-hoc analysis was used to determine the statistical significance of the integrated optical densities for Western blot and EIA data. Data are presented as the mean Ϯ standard error of the mean (SEM).
RESULTS
Cortical Impact Injury Does Not Cause Overt Neuronal Cell Loss within the PL/IL
Previous studies have shown that lateral cortical impact injury, where the location of impact is posterior to the medial prefrontal cortex, causes spatial working memory deficits (Hamm et al., 1996; Kline et al., 2002; Dash et al., 2004) . To examine if the cortical impact injury causes neuronal loss in the PL/IL cortices, injured and sham animals were perfusion-fixed and tissue sections spanning the PL/IL cortices prepared at 28 days post-injury (n ϭ 5). Figure 1a shows a schematic drawing indicating the location of the PL/IL cortices within the rodent medial prefrontal cortex. Figure 1b neuronal cell loss in the PL/IL, suggesting that neuronal dysfunction may contribute to the working memory deficits observed following lateral cortical impact injury.
Cortical Impact Injury Increases TH Protein Levels in the PL/IL
To examine if TH protein levels within the PL/IL cortices change as a result of injury, western blots were performed using a pan-specific TH antibody. The specificity of this antibody has previously been characterized by us and others (Kobori et al., 2004; Betarbet et al., 1997) . The migration of the TH protein was identified based on its molecular weight. Preliminary time course experiments revealed that although the TH levels in sham-operated animals did not change over time, injury caused an apparent increase in TH level by 14 days post-injury. This increase had resolved by 28 days post-injury. We therefore focused on the 14-day and 28-day time points. Figure 2a shows a picture of a representative Western blot demonstrating TH immunoreactivity in the 14-day and 28-day PL/IL extracts as a result of injury. Quantification of this immunoreactivity (sham, n ϭ 6; TBI 14 day, n ϭ 4; TBI 28 day, n ϭ 4) revealed a significant increase in TH protein levels as determined by a one-way ANOVA, with post-hoc analysis indicating that this change occurred at the 14-day (F (2, 6) ϭ 9.873, p ϭ 0.013), but not 28-day, post-injury time point (Fig. 2b) .
To further examine the TH protein levels we observed in 14-day post-injury PL/IL extracts, immunohistochem-KOBORI ET AL.
FIG. 3. Traumatic brain injury (TBI) increases tyrosine hydroxylase (TH) immunoreactivity in prelimbic/infralimbic (PL/IL).
Representative confocal images demonstrating TH fibers within the PL/IL of 14-day sham and injured animals. The confocal images were converted to gray scale and inverted. Summary data for integrated fluorescent intensity indicating a significant increase in TH immmunoreactivity in the PL/IL following injury. Scale bar ϭ 100 m. *p Ͻ 0.05. istry was performed. Figure 3 shows confocal images of TH immunoreactivity within the PL/IL cortices from 14-day sham (n ϭ 4) and injured (n ϭ 7) animals. An apparent increase in TH immunoreactivity can be observed in the images taken from the injured animals as compared to that seen in shams. Quantification of TH immunoreactivity using fluorescent intensity as the measure revealed that injury significantly increases TH levels in the PL/IL (t-test, t (9) ϭ 3.060, p ϭ 0.010; Fig. 3 ).
Dopamine and Norepinephrine Tissue Content Is Increased in the PL/IL
Since catecholamine synthesis is dependent on the activity of the rate-limiting enzyme TH, we measured TH activity in PL/IL extracts obtained from sham (day 1 postoperation) and injured animals at 1, 3, 14, and 28 days post-injury. In order to minimize the number of animals required for catecholamine measurements, a small number of animals were used to gather some information on the time at which dopamine and norepinephrine levels are likely to be enhanced. We, therefore, used two animals per time point to perform the TH activity assay, which was done in triplicate. The results presented in Figure 4 suggest that TH activity gradually increases after day 1 post-injury, and is approximately double (100% increase) the value detected in shams by day 14 post-injury. By day 28, TH activity appears to decrease below sham levels.
Since TH activity appears to be enhanced beginning at day 3 and persisting for up to 14 days post injury, dopamine and norepinephrine levels in PL/IL extracts obtained from sham (n ϭ 5) and TBI animals at day 7 (n ϭ 5) and day 14 (n ϭ 5) were measured using EIA kits. Figure 5a shows a standard curve for dopamine (DA) indicating a linear range for detection between 50 pg and 10 ng. Figure 5b shows that, consistent with enhanced TH activity, PL/IL tissue levels of dopamine were significantly higher in the 14 post-injury extracts as compared to sham levels (one-way ANOVA, F (2, 8) ϭ 9.562, p ϭ 0.014). In noradrenergic fibers, dopamine is converted to norepinephrine by dopamine ␤-hydroxylase (DBH). Therefore, an increase in TH activity is expected to also result in an increase in norepinephrine levels. To determine if TBI increases NE content, 7-day and 14-day postinjury extracts were again used. Figure 5c shows that the EIA used to determine norepinephrine (NE) had a linear range of detection between 10 pg and 5 ng. When the tissue NE content was measured for sham and injured animals, it was found that TBI significantly increased NE levels. Post-hoc analysis revealed that this change was due to significant increases in NE levels at both the 7-day and 14-day time points (one-way ANOVA, F (2, 8) 
DISCUSSION
Working memory, the ability to transiently hold information in mind for subsequent manipulation in order to guide goal-directed behavior is thought to lie at the core of many higher cognitive functions and is often impaired in brain trauma patients (Baddeley, 1992; Levine et al., 2002) . Previous studies have established that altered dopamine levels within the prefrontal cortex results in working memory impairments (Arnsten and GoldmanRakic, 1998) . These studies have shown that normal working memory function requires an optimal range of dopamine signaling. Although CCI has been reported to cause spatial working memory impairment (Massucci et al., 2004; Hamm et al., 1996; Kline et al., 2002; , it has not been examined if these deficits could be due to altered levels of dopamine in the PL/IL cortices, structures within the medial prefrontal cortex of rodents that are critical for working memory. Using a lateral cortical impact injury model, the present study has revealed that the levels of dopamine and norepinephrine are increased in the PL/IL tissue of injured animals, which was associated with increases in TH protein levels and activity, for up to 2 weeks post-injury. These findings suggest that altered catecholamine synthesis may contribute to prefrontal dysfunction, and that strategies to normalize its signaling may provide relief for the working memory deficits observed in brain injured patients.
The results presented herein demonstrate that TH protein levels are increased in the PL/IL 14 days, but not 28 days, post-injury. In contrast, Yan et al. (2001) reported that TH protein levels in the frontal cortex increase 28 days post-injury, with no increase in TH level observed prior to this time point. At present, the reason for the different time courses of TH expression observed between the two studies is not clear, but it likely reflects differences in the brain regions used for sample preparation (i.e., frontal cortex vs. PL/IL extracts). Consistent with our western blot results, a significant increase in the optical density of TH-immunoreactive fibers was detected at the 14-day time point. However, it is unclear if this change is due to the presence of new TH-positive fibers as a result of sprouting, or an increase in TH expression within pre-existing fibers.
Dopamine and norepinephrine biosynthesis were also found to be significantly increased at the 14-day time point. These measurements suggest that excess catecholamine levels may contribute to TBI-associated working memory deficits. However, the present study does not directly examine if the observed alterations in catecholamine levels in the PL/IL contribute to working memory dysfunction. While the present study is correlative in nature, we have recently reported that direct infusion of a dopamine D1 agonist into the PL/IL can impair spatial working memory in normal rodents (Runyan et al., 2005) , a finding consistent with previous reports (Arnsten et al., 1994) . Specifically, these studies have shown that working memory obeys an inverted-U relationship with dopamine signaling in the prefrontal cortex.
How injury results in increased catecholamine synthesis is not well understood. Although the increase in TH protein levels we observed (ϳ25%) is consistent with enhanced TH activity, it appears insufficient to explain the magnitude of change in TH activity (100%). The phosphorylation of TH on three key serines (Ser19, Ser31, and Ser40) has been reported to regulate its activity (Haycock, 1990; Haycock et al., 1992; Lew et al., 1999; Lindgren et al., 2002; Salvatore et al., 2004; Sutherland et al., 1993 , Waymire et al., 1991 . Both in vitro and in situ experiments have shown that phosphorylation of Ser31 by the extracellular signal-regulated kinase (ERK) and Ser40 by protein kinase A (PKA) increases in response to physiological stimuli. These increases in Ser31 and Ser40 phosphorylation are accompanied by enhanced TH activity (Dunkley et al., 2004) . Although Ser19 does not appear to directly regulate TH activity, its phosphorylation facilitates the binding of TH to the chaperone protein 14-3-3. Binding of 14-3-3 to TH enhances TH activity and dopamine synthesis (Toska et al., 2002; Yamauchi and Fujisawa, 1981) . Our preliminary investigation into the phosphorylation state of TH following injury indicates that the immunoreactivity for ser19 is enhanced at time points when TH activity is increased. Future experiments will be aimed at determining the underlying mechanism for increased TH activity and determining the contribution of this change to working memory deficits following brain injury.
